(Ig)-, fibronectin type III (FN-III )-, and cadherin-related sequences are often found in multiple repeats in the extracellular regions of various cell adhesion molecules. The amino acid sequences of 82 different cadherin-like repeats from 13 known members of the cadherin superfamily were compared for six highly conserved regions, and a frequency matrix represented as amino acids versus position matrix was calculated based on the alignment. With the frequency matrix, further members of the cadherin superfamily were searched for in the protein data base. It was found that the ret protein, a receptor-type-protein tyrosine kinase, contains cadherin-like repeats in the extracellular region. A similar analysis was also carried out for the FN-III superfamily. Nine receptor-type-protein tyrosine kinases were shown to exhibit significant similarities, in terms of sequence, with known FN-III-like repeats. Several receptor-type-protein tyrosine kinases have already been reported to have Ig-like repeats in their extracellular regions. Thus these receptor-type-protein tyrosine kinases-together with the remaining receptors, whose structures are not yet characterized-may be classified into at least four distinct groups based on the structural differences in the extracellular domains. A molecular phylogenetic tree inferred from the shared kinase domains of these receptor-typeprotein tyrosine kinases revealed a close relationship between the branching patterns and the grouping based on the structural differences of the extracellular region.
Introduction
Many protein sequences often share similarities with one another to form a large protein family. Among superfamilies now known, the immunoglobulin (Ig), fibronectin type III ( FN-III) , and cadherin superfamilies are particularly interesting in that (a) they comprise large family members from a wide range of species covering vertebrates and invertebrates and (b) the family members are often present in the extracellular domains of cell adhesion molecules and receptor molecules (Williams and Barclay 1988; Bazan 1990, 199 1; Kuma et al. 199 1 a; Takeichi 199 1) . Although these members differ in function, the common role is, in most cases, molecular recognition at the cell surface ( Ruoslahti 1988; Williams and Barclay 1988; Bazan 1990; Edelman and Crossin 199 1; Takeichi 199 1) . Also, members of these families often have multiple repeats of a common structural unit of -90-110 amino acids in length ( Ruoslahti JL)U huma er al.
1988; Williams and Barclay 1988; Bazan 1990, 199 1; Edelman and Crossin 199 1; Kuma et al. 199 1 a; Takeichi 199 1) . Within the repeats, there exist several highly conserved stretches of amino acids (motifs), which are hallmarks of each family.
These motifs are useful to find further family members in protein data bases. Even in these conserved segments, however, the number of unvaried amino acids is limited, and amino acid alternations are often observed. By counting the frequency of occurrence of amino acids at each position, on the basis of alignment of known family members, it is possible to evaluate the relative importance of alternative amino acids at each position and to construct a scoring system for searching for similar sequences (Staden 1984; Dodd and Egan 1987, 1990; Kuma et al. 199 lb) . For the Ig superfamily,
we recently have reported the frequencies of amino acids at each position of four conserved segments, represented as amino acids versus position matrix (Kuma et al. 199 16) . Using the frequency matrix, we have carried out computer-assisted searches for similar sequences in the protein data base and have found several novel members of the Ig family ( Kuma et al. 199 lb) ; to exclude a possibility of convergence, as well as to increase the detection power, several conserved motifs must be used.
We report here novel members of cadherin and FN-III superfamilies found in the extracellular domain of the receptor-type-protein tyrosine kinases. On the basis of the findings noted above, as well as on the basis of the phylogenetic tree of the kinase domains, we also propose that the receptor-type-protein tyrosine kinases be classified into at least four distinct groups.
Material and Methods
For each of the cadherin and FN-III superfamilies, the amino acid sequences of known members (master set) were compared for highly conserved motifs, where alignments are possible without introducing gaps; closely related sequences were excluded from comparison.
On the basis of the alignment, frequency f( X, Si) of occurrence of amino acid X at position i of motif S (frequency matrix) was calculated. We further introduced the weight matrix W( X, Sj ), defined as the frequency of occurrence of amino acid Xat position Si relative to the expected frequency in randomized sequences: W( X, Si ) = In [f( X, Si )/ np( X)] X 100, where n is the total number of sequences of the master set, and p(X) is the average content of amino acid X in the masterset;forf(X,Si)=O,W(X,Si)wassettoln[l/(n+l)p(X)] (DoddandEgan 1987 (DoddandEgan , 1990 Kuma et al. 199 1 b) . The weight matrix was used as a probe to search similar sequences in the NBRF data base by the method described by Kuma et al. ( 199 1 b) . To exclude a possibility of convergence, as well as to increase detection power, the weight matrix consisting of multiple motifs was used ( Kuma et al. 199 
b).
To assess the statistical significance of observed similarity, the alignment score A of a test sequence defined as A = (A4 -( m) )/SD was calculated, where A4 is the maximum score of a test sequence, which was evaluated from the weight matrix, and (m) and SD are, respectively, the mean and the standard deviation of the scores of randomized sequences ( Kuma et al. 199 1 b) .
Results and Discussion Motifs of Cadherin Repeats
Cadherins are a family of Ca2+ -dependent cell-cell adhesion molecules that comprise an extracellular region, a transmembrane region, and a cytoplasmic region. The extracellular region has four repeats with characteristic amino acid sequences (cadherin repeats), each consisting of -110 amino acids, in all vertebrate cadherins identified Repeats in Receptor-Type-Protein Tyrosine Kinases 54 I to date (Takeichi 199 1) . There are marked sequence similarities between different cadherin repeats, suggesting that they have derived from a single precursor sequence by internal duplications (Hatta et al. 1988 (Takahashi et al. 1988 (Takahashi et al. , 1989 ; the ret protein has an alignment score of 5.0, which is highly significant.
Of the 82 sequences of the master set, 33 sequences have score values c5.0. Dot-matrix comparisons (Toh et al. 1983 ) between the ret protein and members of the cadherin superfamily revealed marked sequence similarities (data not shown).
The amino acid sequence of a part of the ret protein was aligned with those of 12 vertebrate cadherins, as well as with those of four repeats of the Drosophila fat protein ( fig. 2 ). The ret protein shares 20%-3 1% identity with cadherins compared. These similarities are statistically significant; as shown in figure 2 , the probabilities that the observed similarities are realized by chance (Toh et al. 1983 ) are significantly small, except for two cases (i.e., the retldesmoglein pair and the ret/ M-cadherin pair). The similarity with chicken T-cadherin is 3 1% identity, and P = 10-l '. In the aligned region shown in figure 2, 14 positions are identical among cadherins and fat, of which 11 are preserved when ret is included in the comparison. Furthermore, the two motifs DXND and DXD, which are thought to be putative Ca2+ binding sites (Ringwald et al. 1987; Ozawa et al. 1990) , are conserved in ret. From these results, we conclude that the ret protein is a novel member of the cadherin superfamily. The ret protein is also likely to have another cadherin-like repeat in the C-terminal region, immediately followed by the aligned region shown in figure 2, although the similarity between the two repeats is very weak. Figure 3 shows a phylogenetic tree of the members of the cadherin superfamily, inferred by the neighbor-joining method (Saitou and Nei 1987) and based on the alignment in figure 2. The inferred unrooted tree revealed three distinct clusters corresponding to vertebrate cadherins, Drosophila fat, and human ret. This classification correlates well with their structural differences: vertebrate cadherins are transmembrane glycoproteins with four cadherin repeats in the extracellular region and are involved in cell-cell adhesion (Takeichi 1991) . The fat protein, on the other hand, is a very large transmembrane protein of >5,000 amino acids with 34 cadherin-like repeats in the extracellular region and a unique cytoplasmic region and is required for the control of cell proliferation in the imaginal disks ( Mahoney et al. 199 Position numbers of the first and last amino acids of the aligned regions are shown in parentheses. Amino acids that are identical with that of ret are boxed. % = Percent identity between ret and each of the family members; Pr. = probability that the observed similarity is realized by chance (e.g., l.OE-11 represents 1 .O X lo-"); 0 and 0 = positions that are occupied by identical and chemically similar amino acids among all the sequences compared, respectively; and -= gap. The six conserved motifs are denoted by the underscoring at the bottom of the columns. Abbreviations and sequence data sources (data not referred to are from NBRF data base release 30.0) are as follows: ret = human ret; CT = chicken T-cadherin (Ranscht and Dours-Zimmerman 199 1); cN = chicken N-cadherin; cLCAM = chicken L-CAM; CR = chicken R-cadherin; cB = chicken B-cadherin (Napolitano et al. 199 a protein tyrosine kinase domain in the cytoplasmic region (Takahashi et al. 1988 (Takahashi et al. , 1989 .
Motifs of FN-III Repeats
Fibronectin, an extracellular matrix and plasma protein that plays a critical role in cell adhesion, contains three kinds of repeats: types I-III ( Ruoslahti 1988 ) . Amino acid sequences homologous to those of FN-III repeats were identified in a variety of protein species from vertebrates and invertebrates. These include protein tyrosine phosphatases ( for review, see Kuma et al. 199 1 a), cell adhesion molecules ( for review, see Kuma et al. 199 1 a), cytokine-receptor family (for review, see Bazan 1990 , 199 1 ), tissue factor (Mackman et al. 1989 ), C protein (Einheber and Fischman 1990) , cytotactin (Jones et al. 1989) , and twitchin (Benian et al. 1989 in total as a master set; only distantly related sequences with percent identities to each other that are <40% were included. On the basis of the alignment of these FN-IIIrelated sequences for four highly conserved motifs, I-IV, we have calculated the frequency matrix ( fig. 4) -Alignment of nine receptor-type-protein tyrosine kinases with known members of the FN-III superfamily. Alignment is shown only for four conserved motifs; for divergent regions, only amino acid lengths are shown. 0 and 0 = Positions that are occupied by identical and chemically similar amino acids among all the sequences compared, respectively; and -= gap. On the right-hand side of the alignment, percent identity ('-%) and probability (Pr.) that the similarity is realized by chance are shown as a matrix, of the nine receptors vs. four known members; e.g., in the comparison between sev and FN, identity = 2 1 %, and Pr. = 1 E-03 ( = 1 X 1 0m3). Abbreviations and amino acid positions of the aligned region are as follows: FN = human fibronectin 1417-l 501; DLAR = a Drosophila receptor phosphatase 709-802; Ll = mouse cell adhesion molecule Ll 9 I7-1004; Twitchin = Cuenorhabditis elegans Twitchin 2356-2440; sev = Drosophila sevenless 1304-1388; ros = human ros 1664-1743; eph = human eph 449-530; elk = rat elk 435-520; eck = human eck 437-521; IR = human insulin receptor 899-983; IGFlR = human insulin-like growth factor I receptor 832-917; IRR = human insulin receptor-related protein 791-877; and torso = Drosophila torso 186-270. Sequence data were taken from NBRF data base release 30.0, except for elk (Lhotak et al. 1991 ).
Repeats in Receptor-Type-Protein Tyrosine Kinases 547 to both sides, from the regions shown in figure 4 . The percent identity and probability that the observed sequence similarity is realized by chance were also calculated, by a standard method (Toh et al. 1983) . As judged from the estimated chance probabilities, the observed similarities are statistically significant, and thus these receptors are novel members of the FN-III superfamily.
O The receptor-type-protein tyrosine kinases may now be classified into at least four distinct groups based on the structural differences of the extracellular region. Growth factor receptors including fibroblast growth factor receptors (FGFRs), plateletderived growth factor receptors ( PDGFRs ) , colony-stimulating factor I receptor (CSFl R) and its close homologue kit, as well asflk2 andflt, all contain Ig-like repeats in the extracellular region (Williams and Barclay 1988 ; for review, see Kuma et al. 199 la) . Recently we identified the Ig-like repeats in the extracellular region of neurotrophic factor receptors trk and its homologues (Kuma et al. 199 1 b) . These receptors are classified as group I.
Group II is a group of receptors with FN-III-like repeats: these are the eck, elk, and eph subgroup; the IR, IGFl R, and IRR subgroup; the ros and sevenless subgroup; and torso. The ret protein has cadherin-like repeats in the extracellular region and forms a unique group, group III. The remaining group(s) include epidermal growth factor receptor (EGFR) , hepatocyte growth factor receptor ( HGFR), and ltk, whose structures are not yet characterized.
Although both EGFR and HGFR have cysteinerich regions, no apparent sequence similarity was detected in the extracellular regions.
Because these receptors share kinase domains, it is possible to reconstruct the phylogenetic tree of the receptors, which allows one to classify the receptors from an evolutionary viewpoint. Figure 6 shows a phylogenetic tree inferred from a comparison of the amino acid sequences of the kinase domains. As this tree shows, the branching pattern of these receptors roughly coincides with the classification based on the structural differences of their extracellular region, except for the case of torso. From the structural and evolutionary considerations, we suggest that the known receptor-typeprotein tyrosine kinases can be classified into at least four distinct groups.
Strong Conservation of FGFR
The group I receptors have a common architecture, Ig-like repeats, and a kinase domain. Thus it is expected that, in the respective regions, the rates of evolution are similar for different receptors. For the four group I receptors, the nucleotide sequences are available for comparison between human and mouse ( or rat). (Saitou and Nei 1987) . The root "a" was determined by including the amino acid sequence of rafin the comparison. The bootstrap probability (Felsenstein 1985) at each branching point is shown. Branching patterns near the deep nodes (enclosed by dotted lines) are not obvious, as judged from the estimated bootstrap probabilities. H = human; R = rabbit; M = mouse; P = pig; C = chicken; and D = Drosophila. Sequence data were taken from NBRF data base release 30.0 and GenBank data base release 70.0, except for Drosophila FGFR (Glazer and Shilo 199 1). On the right-hand side a schematic picture of the structure of the receptor molecules is shown for each subgroup. IC, TM, and EC = intracellular, transmembrane, and extracellular regions, respectively; 0 = cysteine-rich region; 0 = FN-III-like repeat; 0 = Ig-like repeat; 0 = cadherin-like repeat; and n = kinase domain.
of repeat units within a chain and/or different modes of interaction between chains would result in different kA' s.. (2) In a complex biochemical network, a molecule placed in a central position of the network would be constrained against amino acid alternations much more strongly than would a molecule in a peripheral position. Because both the Ig-like repeats and the kinase domain are conserved strongly in FGFR, the latter interpretation is plausible. A similar difference is also found in the FN-III superfamily;
in the FN-III-like repeats, the insulin receptor evolves at a rate -10 times slower than that of the ros protein. NOTE.-For each gene except ros, the nucleotide sequences were compared between human and mouse; for ros, human and rat sequences were compared. ks and kA were calculated by Miyata and Yasunaga's (1980) method; multiple substitutions were corrected for (e.g., see Kimura 1983, pp. 55-97). Only the Ig-like repeats and the FN-III-like repeats in the extracellular region and the tyrosine kinase domain in the cytoplasmic region were compared. Sequence data were taken from the GenBank data base (release 70.0).
